Introduction

37
C. albicans is an opportunistic pathogen which exists in a relatively harmless state in the 38 microbial flora of healthy individuals. It is notably present on the mucosal surfaces 39 growth on glucose but hexokinases and glucokinases can also phosphorylate other hexoses 71 like fructose and mannose [23] . The enzymatic equipment for hexose phosphorylation varies 72 among different yeasts, although no physiological explanation for the differences has been 73 found. A search in the genome of C. albicans revealed the presence of two hexokinases 74 (CaHXK1 and CaHXK2) and two glucokinase genes (CaGLK1 and CaGLK4). The hexokinase 75 CaHxk1 does not phosphorylate glucose but GlcNAc, an extracellular carbon source present 76 in the mucous membranes, triggering the transition between yeast and hyphal form [24, 25] . 77
However, the hexokinase CaHxk2 and the glucokinases CaGlk1 and CaGlk4 have not been 78 characterized so far and their respective role in C. albicans fitness and virulence have not 79
been investigated yet. Moreover, nothing is known on the enzymatic functions of CaHxk2, 80
CaGlk1 and CaGlk4 and their putative dual regulatory role in glucose repression. The 81 preferential use of glucose by yeasts results from glucose-induced transcriptional repression 82 via the CaSnf1, essential AMP-kinase, which phosphorylates the transcription factor CaMig1 83 [26, 27] . Based on the S. cerevisiae model, CaMig1 should form a necessary complex with the 84 hexokinase CaHxk2 to shuttle in the nucleus and generate the glucose repression signal [28] , 85 but this particular step has not been described yet in C. albicans. 86
In this study, we evaluated the contribution of CaHxk2, CaGlk1 and CaGlk4 to the 87 phosphorylation of hexoses and to the glucose repression process. Substantial insights in the 88 functional consequences of hexokinase and/or glucokinases deficiency for C. albicans 89 growth, various stress responses, morphological transition and virulence are also proposed. One hypothetical hexokinase (CaHXK2, GenBank XM_712312) and two hypothetical 94 glucokinase genes (CaGlK1, GenBank XM_705084 and CaGLK4, GenBank XM_707231) were 95 found in the genomic sequence of C. albicans (http://www.candidagenome.org/). Analysis of 96 the C. albicans HXK2, GLK1 and GLK4 sequences revealed the presence of a classical hexose 97 kinase conserved domain organized in two regions (http://prosite.expasy.org/): a small and 98 a large subdomain. The small subdomain contains the sugar-binding site of typical hexose 99 kinases: -LGFTFSF/YP- [29] . Protein function prediction (http://bioinf.cs.ucl.ac.uk) revealed 100 that CaHxk2, CaGlk1 and CaGlk4 are involved in phosphate-containing compound metabolic 101 processes, transferase activity and ATP-binding. The localization of these conserved domains 102 is provided in S1 Table [30, 31] . Two nuclear localization sequences have been identified in 103 the hexokinase sequence: -PAQKRKGTFT-(8-17) and -QKRGYKTAH-(405-413). These 104 sequences were not found in the glucokinase sequences. Both glucokinase and hexokinase 105 genes are located on chromosome R (Fig. 1A) , spaced by 70 Kbp and oriented in opposite 106 directions. The CaGLK1 and CaGLK4 sequences share 98.6% and 99.2% identity at the 107 nucleotide and amino acid level, respectively. Alignment of the CaGLK1 and CaGLK4 genomic 108 regions, showed that a high level of identity (98%) spanned from 1500 bp before and after 109 the coding sequences. Within these conserved regions, separated by a few hundred of base 110 pairs, both glucokinase genes are framed by two uncharacterized coding sequences. 111
Alignment of these sequences, spanning the 5' and 3' regions of both glucokinases, revealed 112 a level of 95.1% and 98.8% identity, respectively. This strongly indicates that the whole 113 conserved region containing the CaGLK1 and CaGLK4 genes has been duplicated and 114
conserved. 115
To identify the function of CaHXK2, CaGLK1 and CaGLK4, a set of gene disruption 116 strains was constructed into the C. albicans wild type strain SC5314. Single homozygous null 7 Cahxk2 (Cahxk2∆/∆) and Caglk1 (Caglk1∆/∆) mutants, double homozygous null CaHXK2 118 CaGLK1 (Cahxk2glk1∆/∆) and CaGLK1 CaGLK4 (Caglk1glk4∆/∆) mutants were constructed by 119 replacing both wild type alleles using the excisable CaSAT1 flipper cassette [32] . A CaHXK2 120 complemented strain (Cahxk2∆/∆ c/c) was also constructed by reintegrating the wild type 121 coding sequence at the HXK2 locus, using the same strategy (S1 Appendix). 122
To investigate the contribution of CaHxk2, CaGlk1 and CaGlk4 to the phosphorylation 123 of hexoses in C. albicans, we measured the hexose kinase activity displayed by the wild type 124 strain (SC5314) and the generated mutant strains ( Fig 1B) . Data obtained with Cahxk2∆/∆ 125 8
To further investigate the specificity of CaHxk2, CaGlk1 and CaGlk4, we determined 141 their apparent Michaelis constant for glucose ( Fig 1C) . Apparent Km of CaHxk2 was measured 142 in the Caglk1glk4∆/∆ strain, while the Km of Glk4 was determined in Cahxk2glk1∆/∆ strain. 143
The apparent Km of Glk1 was estimated in the Cahxk2∆/∆ by subtracting the effect of 144
CaGlk4. Data revealed that hexokinase 2 and glucokinase 1 have much lower Km values (Km 145 104.87 ± 7.05 µM and Km 84.86 ± 6.23 µM, respectively) than glucokinase 4 (Km 3900 ± 400 146 µM), using glucose as a substrate. The low glucose affinity of CaGlk4 could partially explain 147 the poor contribution of this protein to glucose and mannose phosphorylation. 148 149 CaHxk2 mostly sustains growth in the presence of hexoses 150 Impact of hexokinase and glucokinase gene deletion on growth in the presence of hexoses 151 was evaluated ( Fig 2) . Delayed growth of the hexokinase mutant Cahxk2∆/∆ on glucose and 152 mannose and severely impaired growth on fructose, confirmed the absence of a functional 153 hexokinase. Slow growth on glucose and mannose was consistent with the presence of an 154 additional glucokinase activity. The strong growth defect observed on fructose for this 155 mutant confirmed the fact that fructose is phosphorylated by CaHxk2 only. The residual 156 growth observed on fructose could be due to the metabolism of the alternative carbon 157 sources present in YPG. Growth of the mutant Cahxk2∆/∆ was not affected in the presence 158 of glycerol or galactose, substrates that are not phosphorylated by CaHxk2. This indicates 159 that growth defects are linked to an impaired phosphorylation of hexoses. Moreover, 160 growth of the complemented strain was comparable to the wild type. Altogether, these data 161 clearly show that the hexokinase CaHxk2 is necessary for proper growth in C. albicans. 162
Deletion of CaGLK1 or both CaGLK1 and CaGKLK4 did not affect growth. Growth of 163 the double mutant Cahxk2glk1∆/∆ was drastically affected in the presence of glucose, 164 fructose and mannose. Growth failure was also observed, but less pronounced, in the 165 presence of carbon sources that are not phosphorylated by hexokinase or glucokinase 166 (galactose, lactate, glycerol). This strongly suggests that the presence of CaGlk4 alone is not 167 sufficient to sustain growth in the presence of hexoses and that the lack of both CaHxk2 and 168
CaGlk1 could affect general physiological properties, beyond hexose phosphorylation in C. CaGLK4 expression was analyzed ( Fig 3A) . Due to the high level of homology of their coding 175 sequences (98.6 % identity) it has not been possible to amplify CaGLK1 transcripts alone. 176 Therefore, the transcription level corresponded to the sum of CaGLK1 and CaGLK4 177 transcripts (indicated as CaGLK1/4). In the presence of glucose, CaHXK2 was 3 times more 178 expressed than CaGLK1/4 ( Fig 3A) . Transcription of hexokinase and glucokinase genes was 179 strongly induced by glucose (0.1% and 2%). In the presence of glucose, CaHXK2 was 3 to 5 180 times more expressed that CaGLK1/4 ( Fig 3A, B) . Contrary to glucokinase genes, the level of 181
CaHXK2 transcripts was dependent on the glucose concentration. Transcription of hexose 182 kinase genes was also strongly induced by mannose and fructose. Surprisingly, the 183 transcription of glucokinase genes was induced by fructose and glycerol which are not 184 substrates for glucokinases ( Fig 3B) . 185
To better elucidate hexose kinase gene regulation, we examined their transcription 186 after growth on 2% glucose in the different mutant strains ( Fig 3C) . Expression data 187 confirmed an absence of transcripts in the corresponding gene-deleted strains and revealed 188 a complete restoration of the hexokinase transcription level after re-introduction of both 189 wild type alleles. CaHXK2 expression was not increased in the glucokinase mutants 190 (Caglk1∆/∆, Caglk1glk4∆/∆). Likewise, CaGLK1/4 gene expression was not increased in 191
Cahxk2∆/∆. This suggests that unlike what happens in S. cerevisiae [33] , no compensation 192 mechanisms interfere to regulate glucokinases and hexokinase at the transcriptional level in 193 the absence of one or the other gene. This points out different regulation pathways. 194
However, this compensation could occur at the protein level since the double glucokinase 195 mutant shows no hexose phosphorylation deficiency. Moreover, the fact that the level of 196 CaGLK1/4 transcripts was unchanged in the absence of the hexokinase (Cahxk2∆/∆) revealed 197 that glucokinases genes are not subjected to glucose repression ( Fig 3C) . Interestingly, the 198 level of CaGLK4 expression, detected in Caglk1∆/∆ and Cahxk2glk1∆/∆ was very low, just 199 above the detection threshold. Considering that the glucokinase gene expression level 200 detected in the mutant Cahxk2∆/∆ is the sum of GLK1 and GLK4 transcripts, we can again 201 assume that CaGLK1 and CaGLK4 are not equally expressed. 202
To investigate the expression of the enzymes, GFP-tagged CaHxk2 and CaGlk1 were 203 detected in cell extracts by immunoblotting, after growth in the presence of glucose. 204
CaHxk2-GFP and CaGlk1-GFP were detected whatever the glucose concentration. However, 205
CaHxk2-GFP was much more abundant than CaGlk1-GFP ( Fig 3D and 3E ). This is consistent 206 with the higher transcription level observed for CaHXK2 but could also reflect a faster 207 turnover for glucokinases. CaHxk2-GFP was equally detected in the presence of various 208 carbon sources that are both inducers of its transcription and substrates of the enzyme, but 209 also and in the presence of glycerol and lactate that do not induce CaHXK2 transcription (Fig  210   3B ). This could be explained by the long half-life of CaHxk2. In addition to the lowest 211 abundance of CaGlk1-GFP, the main difference between CaHxk2-GFP and CaGlk1-GFP 212 protein content was that CaGlk1 was barely detectable in cell extracts after growth on 213 lactate. This may again reflect different regulation processes for CaHxk2 and CaGlk1/4. 214 215
Hexokinase mediates glucose repression but not glucokinases 216
To highlight the regulatory functions of CaHxk2, we constructed a HXK2::GFP strain (CaHXK2-217 GFP) expressing a functional CaHXK2-GFP from its own promoter, to examine the 218 localization of CaHxk2 in living cells exposed to glucose ( Fig 4A) . Upon growth in glucose (2%) 219 the GFP signal was distributed in all the cell (except in the vacuole) with a strong 220 accumulation into a structure that colocalize with the nucleus. This nuclear GFP signal was 221 less important in cells grown in 0.1% glucose and nearly absent in cells grown without 222 glucose (2% lactate) or at very low glucose concentration (0.05%). This indicates that, in C. 223 albicans, CaHxk2 is able to shuttle from the cytoplasm to the nucleus in presence of high 224 glucose (0,1% and more). This observation is similar to what observed in S. cerevisiae grown 225 in 2% glucose where Hxk2 is known to accumulate into the nucleus where it exerts a 226 transcriptional regulatory function necessary for glucose repression independent of its 227 hexokinase activity [34, 35] . 228
To ascertain the impact of CaHxk2, CaGlk1 and CaGlk4 on glucose repression, we 229 analyzed the expression of high affinity hexose transporter genes that are known to be 230 indirectly linked to glucose metabolism, could have been affected in the hexose kinase 248 mutants. For that purpose, wild type and mutant strains were grown in the presence of 2% 249 glucose (YPG) supplemented with 1.2 M KCl (osmotic stress), 5 mM H2O2 (oxidative stress), 250 0.05% SDS and 5 mM caffeine (cell wall stresses). Data presented Fig. 5A revealed that all 251 stresses had an impact by decreasing growth of the hexokinase mutants (Cahxk2∆/∆, 252 Cahxk2glk1∆/∆). On the opposite, single and double glucokinase mutant strains were not 253 significantly susceptible to the applied stresses. This suggests that Cahxk2 is involved in 254 stress responses through its central metabolic position. 255
During host infection, C. albicans colonizes multiple niches that greatly differ in 256 oxygen content, meaning that it is adapted to hypoxic environments. Growth of the wild 257 type and mutant strains under hypoxic conditions revealed the impact of CaHXK2 deletion 258 ( Fig 5B) . Growth of Cahxk2∆/∆ and Cahxk2glk1∆/∆ was affected by 50% after 24 h, as 259 compared to normoxia while the deletion of one or two glucokinases had minor or no 260 13 effects. The transcriptional response to hypoxia, elucidated in C. albicans, revealed a global 261 upregulation of glycolytic genes [39, 40] . This prompted us to investigate the expression of 262 hexokinase and glucokinase in response to hypoxia ( Fig 5C) . After one hour of exposure, 263
CaGLK1/4 transcript level increased by a factor of 25, while CaHXK2 upregulation was much 264 less detectable. This shows that glucokinases and hexokinase transcription is differently 265 regulated by hypoxic conditions. This was confirmed at the protein level. GFP-tagged 266 hexokinase was equivalently detected in normoxia and hypoxia. In contrast, immunoblot of 267
CaGlk1-GFP revealed a constant amount of protein in response to hypoxia that persisted 268 along the growth, while in normoxia, the amount of CaGlk1-GFP detected clearly decreased 269 ( Fig 5D) . and glucose that depends upon the hexose kinase step to be metabolized. The third medium 279 contains N-acetylglucosamine, that do not require Cahxk2, CaGlk1 or CaGlk4 to be 280 metabolized, but require CaHxk1 [24,25]. After two days of growth at 37°C on serum and 281 spider media, the wild type, CaHXK2 complemented strain and glucokinase mutants showed 282 abundant filaments at the periphery of the colony, while the hexokinase mutants 283 (Cahxk2∆/∆, Cahxk2glk1∆/∆) produced hyphae-deficient colonies ( Fig 6A) . Morphological 284 14 changes were also observed at the cell level. Microscopic observations revealed a drastically 285 decreased proportion of filamentous structures for the hexose kinase mutant cells, 286
suggesting that the hexokinase CaHXK2 is necessary to the yeast-to-hyphae transition. By 287 contrast, filamentation of the Cahxk2∆/∆ hexokinase mutant was not affected during growth 288 in the presence of N-acetylglucosamine. All strains behave similarly except the double 289 mutant Cahxk2glk1∆/∆, which appeared hypofilamentous. This suggests that hexose 290 phosphorylation by CaHxk2 could be an essential step for filamentation. Moreover, 291 filamentation defect of the double mutant Cahxk2glk1∆/∆ grown on N-acetylglucosamine 292 could be the consequence of severe physiological disturbances. 293
To eventually highlight a specific role in pathogenic behaviour for C. albicans hexose 294 kinases, we compared hexokinase and glucokinase gene expression levels during the early 295 steps of the morphological switch. Our data did not reveal any particular transcriptional 296 response of one gene or another ( Fig 6B) . Both profiles revealed a two-time increase of 297 transcripts 30 or 60 min after the initiation of the filamentation by serum and a shift at 37°C. 298
However, after one hour of growth, glucokinases expression continues to increase while 299
CaHXK2 transcription level decreases after 30 min. 300 301 Cahxk2 mutant is hypovirulent in Galleria mellonella and macrophage models 302 To explore the impact of altering hexokinase and glucokinases on C. albicans virulence, we 303 examined first the survival rate of the host model G. mellonella following infection with the 304 wild type, mutant and complemented strains ( Fig 7A) . G. mellonella survival data indicated 305 that there was a statistically significant difference between the survival rate of larvae 306 infected by the mutants and the wild type strains, except for the Caglk1∆/∆ single mutant. 307
Seven days post infection, 100% of the larvae were killed by the wild type strain while the 308 survival of the larvae infected by Cahxk2∆/∆ and Cahxk2glk1∆/∆ was still 70% and 85%, 309 respectively. The double glucokinase mutant was also significantly less virulent than the wild 310 type strain, with an intermediary survival rate of 50%. The Cahxk2∆/∆ c/c complemented 311 strain revealed a partially restored virulence. 312
Secondly, we analysed the ability of the mutant to kill macrophages at different 313 interaction times using an in vitro model assay (Fig 7B) . Hexokinase and glucokinase gene 314 deletions did not modify macrophages association with yeast for any strains, except for the 315 Cahxk2glk1∆/∆ double mutant which shows a slightly decreased number of recruited 316 macrophages at the early time of infection (60% compared to approximately 80% for the 317 other strains). This suggests that the absence of hexokinase or glucokinase has no impact on 318 the recognition step. Survival of macrophages was severely enhanced when Cahxk2∆/∆ and 319
Cahxk2glk1∆/∆ were tested. After 4 hours in the presence of the hexokinase mutant 320 (Cahxk2∆/∆) the number of alive macrophages was nearly twice as high as in the presence of 321 the wild type strain. Moreover, 90% of the macrophages infected by Cahxk2glk1∆/∆ were 322 still alive after 4 h, while 34% survived with the wild type strain. After 24 hours, 39% of the 323 macrophages infected with Cahxk2glk1∆/∆ survived, compared to only 2% with the wild 324 type strain and 1% for the other strains. This underlines again the very affected virulence 325 capacities of this double mutant. Reintegration of the wild type CaHXK2 gene restored the 326 killing capacities, suggesting that the virulence defect was linked to the absence of CaHXK2. 327
As compared to the wild type strain, interactions performed with glucokinase mutants 328 (Caglk1∆/∆, Caglk1glk4∆/∆) and macrophages did not reveal significant differences. Because 329 the process of macrophage killing relies on the formation that pierce the phagocytic 330 membrane, the morphogenesis of the strains was analysed at 4 and 24 h post infection (Fig  331   7C ). Our data clearly reveal that Cahxk2∆/∆ and Caglk1glk4∆/∆ did not develop hyphae 332 16 during macrophage infection. In order to make sure that the growth defect of the 333 hexokinase mutant strains was not the main cause for avirulence, C. albicans cells were 334 released from macrophage after 4 hours of phagocytosis by cell lysis and counted (S1 Fig). As 335 compared to the wild type, there was no significant differences in the capacity of the mutant 336 strains to divide inside the macrophage. 337
Altogether, these data suggest that the virulence defect associated to the deletion of Cahxk2 338 could concern the fungal escape phase rather than the recognition and initial phagocytosis 339 steps. 340 341
Discussion
342
In this study, we sought to assign functions to the hexokinase and glucokinases that could 343 potentially contribute to the fitness and virulence of C. albicans. We showed that hexose 344 phosphorylation is mostly assured by CaHxk2, which mainly sustains in vitro growth in the 345 presence of hexoses. Hexokinase expression is induced by glucose and higher than 346 control does not seem to exist in C. albicans (Fig. 3C ). On the contrary, expression of 366 transporter genes controlled by the SRR pathway (HGH12, HGT7, HXT10) was enhanced in 367 the hexokinase mutant Cahxk2∆/∆. Therefore, the poor expression of glucokinase genes, the 368 low intracellular concentration of CaGlk1 and CaGlk4 and their low participation in hexose 369 kinase activity, could mainly explain the growth defect in the absence of hexokinase. 370
Moreover, glycolysis constitutes an interface between metabolism and gene transcription. 371
For instance, glycolysis yields pyruvate which can be oxidized into acetyl-CoA, directly 372 implicated in histone acetylation and gene expression. In stationary yeast cells, increase 373 glucose availability leads to higher levels of acetyl-CoA synthesis, global histone acetylation, 374 accompanied by the induction of a thousand of growth-related genes [46] . The reduced 375 glycolytic flux of the hexokinase mutant could therefore lead to transcription defects and 376 slower growth. In all the tested conditions, the double mutant Cahxk2glk1∆/∆ presented an 377 altered phenotype. In this context, CaGlk4 is the only hexose kinase enzyme present. 378
Because of the low affinity of CaGlk4 for glucose and its very low expression, growth of 379
Cahxk2glk1∆/∆ is drastically affected in the presence of hexoses. This could be explained by 380 the lack of efficient hexose kinase enzymes. Moreover, hexokinase and glucokinase gene 381 deletions could lead to several drastic intracellular changes. In S. cerevisiae, the hxk2 mutant 382 has a higher H + -ATPase activity and a lower pyruvate decarboxylase activity which coincided 383 with an intracellular accumulation of pyruvate [47] . Absence of glucose repression, could 384 also contribute to redirect carbon flux. In K lactis, the identification of hexokinase-385 dependent proteins related to chromatin remodeling, amino acids and protein metabolism, 386 redox maintenance and stress response reinforces the idea that glucose kinase enzymes 387 exert broader functions than hexose phosphorylation and glucose repression [48] . Glucokinase enzymes could be part of the global early hypoxic response, as a spare wheel, to 431 maintain a necessary glycolytic flux during fermentation conditions in oxygen-poor niches. 432
Moreover, this data confirms the fact that hexokinase and glucokinases are not targeted by 433 the same regulatory pathways. 434
Our results show that the hexokinase mutant retains the filamentation capacity when 435 the carbon source does not require CaHxk2 to be assimilated. Thus, the filamentation-436 defective phenotype of the hexokinase mutant could be linked to a phosphorylation defect. 437
The absence of one or both glucokinases has no impact on filamentation. This could be 438 to Warburg metabolism and become dependent on glucose for survival. During macrophage 466 infection, both C. albicans free cells and escaped from macrophage could trigger rapid death 467 to the phagocytes by depleting glucose levels. The hexokinase mutant could not compete 468 efficiently for glucose and then turn out to be hypovirulent. 469
Our data decipher the role of glucose kinase enzymes, not only as a central point of 470 metabolism, but also as actors in regulation, stress response and morphogenesis. 471
Altogether, those different interconnected functions influence the virulence of the yeast. 472
Surprisingly, while the lack of glucokinases did not impact on the phenotype of the mutants, 473
CaGlk1 clearly appeared implicated in the hypoxic response. Moreover, the fact that hexose 474 transporter gene expression level is affected in Caglk1glk4∆/∆ suggests that glucokinases 475 22 could be implicated in regulation processes that remain to be elucidated. following the shift from normoxic to hypoxic growth conditions were considered (30, 60, 90 501 and 120 min). After appropriate time, cells were collected by centrifugation at 3,000 rpm for 502 5 min, washed twice with sterile water and rapidly frozen at -80°C. For each time point, 503 three biological replicates were performed. For growth in 96-well plates, anoxic condition 504 were generated by adding 50 µl of mineral oil in each well. 505 506
Construction of mutant strains 507
Mutant strains used in this study are listed in S2 Table. Mutant strains were constructed 508 using the SAT1 flipper selection cassette kindly provided by J. Morschhäuser [32] . CaHXK2 509 homozygous mutant strain and the complemented strain Cahxk2∆/∆c/c were generated 510 according to methods described by Reub et al., [32] . The Caglk1∆/∆ and Caglk1glk4∆/∆ 511 homozygous null mutant strains were constructed by one step cloning-free fusion PCR-based 512 strategy. The Cahxk2glk1∆/∆ mutant strain was constructed by deleting successively both 513
CaHXK2 alleles of the Caglk1∆/∆ mutant using the CaHXK2 deletion cassette (S1 Appendix). 514
CaHxk2 and CaGlk1 GFP epitope tagging was performed using a PCR-based strategy using 515 pGFP-NAT1 as a template (kindly provided by S. Bates) [68] . The appropriate mutants were 516 identified by PCR analysis using a combination of primers outside the sites of cassette 517 integration and internal primers. were obtained according to Reub et al., [32] . Transformants were grown overnight in YPG 524 medium without selective pressure. Cells were plated on YPG containing nourseothricin (25 525 µg/ml). Small colonies containing nourseothricin-sensitive cells were selected after 2 days of 526 growth at 30°C. Both alleles were disrupted or complemented in a similar manner after 527 elimination of the SAT1 flipper cassette. In the case of in vivo epitope tagging using pGFP-528 NAT1 (S3 Table) it was not possible to eliminate the NAT1 marker, one allele was modified 529 by transformation, only. 
GFP detection by Microscopy 568
Yeast strain expressing the CaHxk2::GFP and CaGlk1::GFP fusion proteins were grown to 569 exponential phase (OD600 ≈ 0.8) in YP containing 0.05, 0.1 or 2% glucose or 2% lactate. Nuclei 570
were stained by addition of DAPI to 10 µg/ml to the cultures and incubated at 28°C, 180 rpm 571 for 60 min. Cells were washed twice with phosphate buffer saline (PBS) (10 mM Na2HPO4, 572 1.76 mM KH2PO4, 137 mM NaCl, and 2.7 mM KCl), collected by centrifugation and 573 resuspended in 20 µl of PBS. GFP and DAPI localization were monitored in live cells cultures 574 using a Zeiss Axioskop 2 Plus fluorescence microscope. Images were taken with a Zeiss 575
AxioCam MR camera using AxioVision software and processed using LiveQuartz Images 576
Editor. 577
578
RNA extraction and RT-q-PCR analysis 579
Total RNA was extracted from cells grown to OD600≈ 1.5 by the acid phenol method [72] . For 580 reverse transcription-quantitative PCR (RT-qPCR) experiments, 10 μg of total RNA extract 581
were treated with DNase I (Ambion). Then, ReVertAid H Minus reverse transcriptase 582 (Thermo Scientific), was used as described by the manufacturer, to generate cDNAs. RT-583 qPCR experiments were performed with the CFX 96 Bio-Rad light cycler using SsoAdvanced 584
Universal SYBR Green Supermix (Bio-Rad). Relative quantification was based on the 2ΔCT 585 method using CaACT1 (actin) as calibrator. The amplification reaction conditions were as 586 follows: 95°C for 1 min, 40 cycles of 95°C for 15 s, 60°C for 30 s, and the final step 95°C for 10 587 s. A melting curve was generated at 95° for 10 s, 65°C for 5 sec with an increment of 0.5 °C 588 until 95°C at the end of each PCR cycle, to verify that a specific product was amplified. 589 590
Infection of G. mellonella larvae 591
For G. mellonella infection, overnight cultures of WT (SC5314), mutant or complemented 592 strains of C. albicans were grown to stationary phase (OD600 = 5) in 2% YPG medium. Cells 593 were centrifuged and washed three times with 0.9% NaCl. Larvae were infected with 10 µl of 594
Flow Cytometry assays were conducted as previously described [73] using a FACSCantoII 620 (Becton Dickinson). Macrophage viability and the ratio of macrophages engaged in 621 phagocytosis were determined after 30 min, 4 h and 24 h of infection with CFW-labeled 622 yeasts. Quintuplets of each condition were done for each experiment. After trypsin 623 treatment, macrophages were labeled with 0.2 µg/mL anti-mouse CD16-APC (a membrane 624 stain) and 0.2 µM calcein-AM (Sigma) (a marker of active metabolism). The percentage of 625 macrophage viability was calculated using the number of macrophages positive for both 626 fluorescence (anti-CD16-APC and calcein-AM) when infected with yeasts compared to the 627 control uninfected macrophages. Phagocytosing macrophages were quantified as the 628 percentage of the double-stained macrophages also positive for CFW fluorescence. t-test 629 was used to establish statistical significance with a significance level set at P<0.05. 630 631
Statistical analysis 632
Experiments were performed at least three times independently. All statistical data were 633 calculated with GraphPad Prism 7 software. For comparisons of multiple groups one-way 634 ANOVA method was used. Significance of mean comparison is annotated as follow: ns, not 635 significant; *P=0.033; **P=0.002; ***P=0.0002; ****P<0,0001. 
